Gao Z, Muller MD, Sinoway LI, Leuenberger UA. Intravenous phentolamine abolishes coronary vasoconstriction in response to mild central hypovolemia. J Appl Physiol 116: 216 -221, 2014. First published December 5, 2013 doi:10.1152/japplphysiol.01048.2013.-Animal studies indicate alpha-adrenergic coronary vasoconstriction helps maintain left ventricular function during physiological stress. Whether this process occurs in humans is unknown. In the current study, we used transthoracic Doppler echocardiography to test the effect of lower body negative pressure (LBNP) on coronary blood flow velocity (CBV, left anterior descending coronary artery) and myocardial function in eight young healthy subjects before and after systemic infusion of phentolamine, a nonselective alpha blocker. Heart rate (HR) and blood pressure (BP) were monitored on a beat-by-beat basis. Peak diastolic CBV and myocardial systolic and diastolic tissue velocities (S m and Em), were quantified at baseline, and at Ϫ5 mmHg, Ϫ10 mmHg, and Ϫ15 mmHg LBNP. Coronary vascular resistance index (CVRI) was calculated as the quotient of diastolic BP and CBV. Phentolamine reduced baseline diastolic BP and increased HR but did not affect the reflex adjustments to LBNP. The reduction in CBV due to LBNP was blunted by phentolamine at Ϫ10 mmHg and Ϫ15 mmHg. Importantly, the increase in CVRI (i.e., coronary vasoconstriction) was abolished by phentolamine at Ϫ5 mmHg (0.21 Ϯ 0.06 vs. 0.83 Ϯ 0.13), Ϫ10 mmHg (0.24 Ϯ 0.03 vs. 1.68 Ϯ 0.31), and Ϫ15 mmHg (0.27 Ϯ 0.10 vs. 2.34 Ϯ 0.43). These data indicate that alpha-adrenergic coronary vasoconstriction is present during low levels of LBNP. With alpha blockade, more coronary flow is needed to maintain cardiac function. Our data suggest that alpha-adrenergic tone enhances coronary flow efficiency, presumably by redistributing flow from the epicardium to the endocardium. Doppler echocardiography; left ventricular function; sympathetic nervous system OVER THE LAST DECADE, advances in transthoracic Doppler echocardiography have enabled investigators to noninvasively assess coronary blood flow velocity (CBV) in the left anterior descending (LAD) artery as well as left ventricular (LV) myocardial function in conscious humans (17, 18, 35, 36) . Animal experiments (10) and the clinical presentation of cardiac ischemia (2) indicate that diastolic CBV and LV systolic and diastolic function are intimately related; the excellent temporal resolution of Doppler echocardiography allows these relationships to be explored in healthy humans undergoing acute physiological stress (38). Using Doppler echocardiography in conjunction with pharmacological blockade, mechanistic insights about the coronary circulation can be obtained in vivo.
Doppler echocardiography; left ventricular function; sympathetic nervous system OVER THE LAST DECADE, advances in transthoracic Doppler echocardiography have enabled investigators to noninvasively assess coronary blood flow velocity (CBV) in the left anterior descending (LAD) artery as well as left ventricular (LV) myocardial function in conscious humans (17, 18, 35, 36) . Animal experiments (10) and the clinical presentation of cardiac ischemia (2) indicate that diastolic CBV and LV systolic and diastolic function are intimately related; the excellent temporal resolution of Doppler echocardiography allows these relationships to be explored in healthy humans undergoing acute physiological stress (38) . Using Doppler echocardiography in conjunction with pharmacological blockade, mechanistic insights about the coronary circulation can be obtained in vivo.
Although coronary blood flow is regulated primarily by local metabolic demand, changes in sympathetic tone can also affect it importantly (4, 24) . For instance, lower body negative pressure (LBNP) (52) and isometric handgrip (33, 35) both evoke coronary vasoconstriction in healthy humans. Sympathetically mediated changes in coronary vasomotor tone are induced by activation of alpha-(vasoconstriction) and betaadrenergic (vasodilation) receptors (4, 32) . Compared with the beta-adrenergic effects of sympathetic activation, alpha-adrenergic effects on coronary blood flow are largely unknown in humans.
Activation of the sympathetic nervous system is associated with increases in heart rate (HR) and blood pressure (BP) that effectively increase myocardial oxygen demand and utilization. This increased oxygen utilization requires an increase in myocardial oxygen supply (11) . Since the heart cannot significantly augment oxygen extraction, the ability to supply additional oxygen must be met by an increase in coronary blood flow. Coronary blood flow occurs predominantly during the diastolic period of each cardiac cycle; at higher heart rates (e.g., during exercise, hypoxemia, orthostasis) the diastolic period is reduced. Under these conditions, the subendocardial layers of the myocardium are thought to be more vulnerable to ischemia, and animal studies suggest that alpha-adrenergic coronary vasoconstriction helps to maintain uniform transmural blood flow from the epicardium to the endocardium (14, 25, 40) .
We recently demonstrated that nonhypotensive LBNP, an established sympathoexcitatory stimulus that reduces central venous pressure (43, 51, 53, 55) , evoked coronary vasoconstriction (i.e., a reduction in CBV) (33, 35) . The reduction in CBV observed with LBNP was not associated with a fall in rate-pressure product (RPP), an index of myocardial oxygen demand, suggesting that activation of the sympathetic nervous system is capable of eliciting coronary vasoconstriction independent of changes in cardiac metabolic demand. To further examine the effects of sympathetic coronary vasoconstriction, in the current study we tested the effects of low-level LBNP on CBV and myocardial function before and after intravenous infusion of phentolamine, a nonselective alpha-adrenergic receptor antagonist. We hypothesized that in the presence of phentolamine a greater level of coronary blood flow would be required to maintain cardiac function.
METHODS
Experimental design and subjects. This study used a repeatedmeasures, crossover design with the order of treatment (phentolamine, no phentolamine) being counterbalanced and tested on separate days. Eight healthy normotensive volunteers (4 men and 4 women: age 27 Ϯ 1 yr, body mass index, 23.4 Ϯ 0.9 kg/m 2 ) were studied. This sample size was determined based on the CBV response to LBNP at Ϫ10 mmHg with and without phentolamine (posteriori power ϭ 0.803). All subjects were nonsmokers and were not taking vasoactive medications or vitamin supplements. Subjects abstained from caffeine, alcohol, and exercise for 24 h before performing the studies. All subjects provided written informed consent; the experimental protocol was conducted according to the Declaration of Helsinki and was approved by the Institutional Review Board at the Pennsylvania State University College of Medicine.
Protocol. All studies were conducted in the supine posture. Following enrollment and informed consent procedures, the subject was situated on an exam table with the lower body (to the level of the iliac crest) enclosed in an airtight tank. A tight fitting seal was placed around the waist. The tank was connected in series to a vacuum system that allowed for a consistent reduction in ambient pressure (i.e., suction of blood from the torso to the legs). Subjects were then outfitted with a three-lead ECG to monitor HR and a Finometer cuff for the beat-by-beat measurement of BP. HR, BP, and tank pressure were recorded using PowerLab (ADInstruments). Resting brachial artery BP was verified noninvasively using an oscillometric device (Dinamap XL, Critikon/GE).
Following a 5-min baseline, LBNP proceeded at Ϫ5 mmHg, Ϫ10 mmHg, and Ϫ15 mmHg (10 min each stage). These levels of LBNP were chosen based on prior research demonstrating reductions in central venous pressure and increases in muscle sympathetic nerve activity but no net change in HR or BP (9, 16, 31) . In preliminary studies (n ϭ 6) we found no change in LV size until LBNP exceeded Ϫ15 mmHg. Thus these levels of LBNP were expected to engage the sympathetic nervous system without drastically altering cardiac metabolic demand.
During one experimental trial, systemic alpha-adrenergic blockade was achieved by intravenous infusion of 6 mg phentolamine mesylate over 4.5 min (1 mg/min for 3 min followed by 2 mg/min for 1.5 min). This dose was chosen based on pilot studies in our laboratory (n ϭ 4) demonstrating an ϳ50% attenuation in the forearm vasoconstrictor response to the cold pressor test (hand in 1°C water) following phentolamine. Prior human investigations have also shown that 5-10 mg of intravenous phentolamine elicits physiological effects (8, 21, 50) . Resting HR, BP, and echocardiographic parameters were obtained before and after phentolamine infusion (i.e., prior to LBNP). LBNP was then conducted identical to the procedures described above.
Echocardiographic measurements. CBV and tissue Doppler imaging (TDI) indexes of systolic and diastolic LV function were examined at baseline and from minutes 6 -10 at each level of LBNP (i.e., at physiological steady state). The same investigator (Z.G.) performed all echocardiography measurements and a prior publication from our laboratory reported high reproducibility (19) .
CBV measurement was performed as described previously (18, (33) (34) (35) . Briefly, the distal portion of the LAD was imaged in the apical four-chamber view using color flow mapping (velocity range set at Ϯ19 cm/s). Care was taken to place the transducer in a position that allowed for a long-axis view of the LAD. With a sample volume (2.0 mm) positioned over the color Doppler signal in the LAD, we recorded CBV at the end of expiration. The Doppler tracing of the diastolic portion of each cardiac cycle was analyzed using Pro Solv 3.0 to obtain peak CBV. Consistent with previous studies, the coronary vascular resistance index (CVRI) was calculated offline as the quotient of diastolic BP and CBV (19) .
Tissue Doppler imaging (TDI) was used to quantify LV systolic and diastolic function, as previously described by our laboratory (18, 38) . The variables of interest included systolic (Sm), early diastolic (Em), and late diastolic (Am) myocardial velocity. Pulsed Doppler images were acquired in the apical four-chamber view with the sample volume placed within the intraventricular septum at the mitral annulus (41, 42, 48) . To minimize the angle between the beam and the direction of annular motion, care was taken to keep the ultrasound beam perpendicular to the annulus plane (6) . The TDI technique is relatively insensitive to changes in preload (1, 39, 48) and is able to detect both systolic and diastolic dysfunction represented as decreases of Sm and Em, respectively, within 5 s after an acute reduction in coronary blood flow (10) . Thus the temporal resolution of TDI is excellent for detecting acute changes of coronary blood flow due to sympathetic activation (38) .
Data analysis and statistics. Because CBV and TDI images were examined from minutes 6 -10 at each level of LBNP (i.e., at physiological steady state), the HR and BP values represent the average values of minutes 6 -10 at each level of LBNP. All echocardiographic values are an average of three sequential cardiac cycles obtained at end-expiration. Rate-pressure product (RPP), an index of myocardial oxygen demand (20) , was calculated as HR·systolic BP.
Normality was confirmed by the Kolmogorov-Smirnov test (i.e., P Ͼ 0.05 for all measurements). Next, a two drug (phentolamine, no phentolamine) by four time point (baseline, Ϫ5 mmHg, Ϫ10 mmHg, and Ϫ15 mmHg LBNP) repeated-measures analysis of variance was conducted for BP, HR, RPP, CBV, S m, Em and Am. When a significant drug ϫ time interaction was found, two-tailed paired t-tests were used for post hoc analysis. Paired t-tests were also used to compare baseline parameters (prior to LBNP) to determine if phentolamine altered resting hemodynamics. Data are presented as means Ϯ SE and P values of Ͻ0.05 were considered to be statistically significant.
RESULTS
Intravenous phentolamine caused modest reductions in systolic (P ϭ 0.043) and diastolic BP (P ϭ 0.008, Table 1 ) but less clearly of mean BP (P ϭ 0.074), and increased S m without affecting E m or A m ( Table 2 ). As shown in Table 1 , progressive LBNP at Ϫ5, Ϫ10, and Ϫ15 mmHg for 10 min at each stage did not cause hypotension or tachycardia. Regardless of time, BP was lower with phentolamine and HR was higher (main effect of drug). In response to progressive LBNP, RPP increased to a similar extent under both control and phentolamine conditions. Despite this mild cardiac metabolic stimulus, CBV was consistently reduced with progressive LBNP (main effect for time, Fig. 1, top) and phentolamine blunted the reduction in CBV (drug ϫ time interaction). Indeed, at Ϫ10 mmHg (P ϭ 0.014) and Ϫ15 mmHg (P ϭ 0.046), CBV was significantly greater with phentolamine compared with control. Phentolamine abolished the rise in CVRI (Fig. 1, bottom) at Ϫ5 mmHg (P ϭ 0.006), Ϫ10 mmHg (P ϭ 0.002), and Ϫ15 mmHg (P ϭ 0.001) of LBNP. Representative recordings of CBV are displayed in Fig. 2 . Table 2 displays the effects of progressive LBNP on TDI indexes of LV function. Baseline S m was enhanced by phentolamine (P ϭ 0.016) but alpha blockade did not affect the S m response to LBNP over time. E m was reduced as LBNP progressed (main effect for time) but this reduction was not modified by phentolamine. A m tended to be higher at baseline under alpha blockade (P ϭ 0.091), but phentolamine did not alter the A m response to progressive LBNP.
DISCUSSION
The purpose of this study was to determine the effect of alpha blockade on coronary blood velocity and TDI indexes of myocardial function in response to LBNP. We hypothesized that phentolamine would attenuate the LBNP-induced reduction in CBV because of its ability to block coronary alpha receptors. The results of this study confirm this hypothesis.
Autonomic regulation of coronary vasomotion has attracted the attention of physiologists and cardiologists for many de-Human Coronary Adrenergic Vasoconstriction • Gao Z et al. cades (3, 7, 13, 44) . It has long been known that sympathetically mediated coronary vasoconstriction is due to stimulation of alpha-adrenergic receptors (5, 22, 26) . Furthermore, in the presence of coronary artery disease, unrestrained alpha-adrenergic vasoconstriction is thought to contribute to myocardial ischemia (4) .
Prior human studies have reported that resting sympathetic coronary vascular tone is low (24) . Specifically, intracoronary infusion of the alpha-adrenergic antagonist phentolamine, and/or the beta-adrenergic antagonists propranolol or metoprolol did not affect CVR or the coronary dilator response to papaverine in either heart transplant patients or healthy controls. Our current noninvasive data (prior to LBNP) support the concept that resting alpha-adrenergic tone is indeed low because neither CBV nor CVRI were altered by phentolamine. We should note that systemically infused phentolamine increased S m in our study. We suspect this was due to the reduction in systolic BP and LV afterload.
LBNP is an established laboratory tool to elicit a reflex increase in sympathetic nerve activity (30, 53, 54) and peripheral vascular resistance (27, 55) . At low levels (i.e., Ϫ5 to Ϫ15 mmHg), it is thought that the cardiopulmonary baroreceptors are the major afferent sensor initiating these reflex responses. Despite systemic increases in sympathetic activity and vascular resistance with low level LBNP (up to Ϫ20 mmHg), changes in HR and BP are small (9, 13, 43) . Because HR and BP are important determinants of cardiac work, we felt that low-level LBNP would serve as a tool to examine sympathetic reflex responses on the coronary bed that were only minimally influenced by changes in cardiac metabolism. This is contrasted with other sympathetic stressors such as isometric handgrip, hypoxemia, and higher levels of LBNP that likely would have changed HR and/or BP along with increasing sympathetic nerve activity (28, 29, 37, 49) .
Prior work from our laboratory has indicated that low-level LBNP elicits a reduction in CBV (i.e., myocardial oxygen supply) without significant changes in RPP (i.e., myocardial oxygen demand) (33, 35) . The current data confirm and extend these prior findings in two ways. First, we demonstrate that activation of alpha-adrenergic receptors is the primary cause for the reduction in CBV in response to LBNP. Second, we show that in the presence of intact alpha-adrenergic constriction, LV performance is maintained at lower CBV values than with alpha blockade. Thus under physiological conditions (without alpha blockade), coronary vasoconstriction may facilitate redistribution of blood flow to the subendocardium. These data are consistent with prior animal studies (14, 25, 40) and to our knowledge are the first evidence of this process in humans.
Four general strengths of this study are worth noting: 1) this is a human in vivo study; 2) noninvasive imaging techniques were used and no anesthesia or sedation was employed; 3) subjects were under "true resting conditions" (i.e., less anxiety compared with catheterization studies); and 4) the LBNP protocol elicited similar HR and BP changes under both Data are means Ϯ SE. Eight young healthy subjects underwent testing in the supine posture; each stage was 10 min in duration. LBNP, lower-body negative pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; RPP, rate-pressure product. *Significantly different from preinfusion; †significantly different from control condition. control and phentolamine conditions. We believe these are crucial advantages of the approach presented. Considering the complex nature of coronary blood flow regulation, potential species differences, and the general concerns noted with in vitro models, we believe studies in conscious humans are vital.
Several potential limitations should be noted. First, based on recent publications (46, 47) , the dosage of phentolamine in our study may not have blocked alpha receptors completely. Since both phentolamine and LBNP have hypotensive effects, we were concerned that higher doses of phentolamine (12, 15, 45) would cause syncope. Based on our pilot data, we therefore purposely chose to administer 6 mg of phentolamine, a dose that elicited physiological effects (i.e., attenuated reduction in CBV), which is consistent with prior publications that infused 5-10 mg of phentolamine systemically (8, 21, 50) . Second, both alpha-1 (epicardial vessels) and alpha-2 receptors (coronary microcirculation) subtypes are involved in producing coronary vasoconstriction (4) . Because phentolamine blocks both subtypes, it is unclear which subtype is predominant in the LBNP-induced reduction in CBV. Third, beta-adrenergic receptors were not blocked in the current study. We were concerned about the use of simultaneous alpha-and betablockade during LBNP. Had we performed combined alphaand beta-blockade in our subjects, both the change in HR due to phentolamine and the reflex tachycardia to LBNP would have been smaller, thereby enhancing the potential for serious hypotension. Last, we acknowledge that as we did not directly measure sympathetic activity (e.g., muscle sympathetic nerve activity and/or cardiac norepinephrine spillover), the contention that sympathetic outflow was increased during the LBNP intervention is based on prior research.
Conclusions. Both human and animal studies indicate alphaadrenergic vasoconstriction plays an important role in the regulation of coronary blood flow (4) . When the coronary circulation is compromised by atherosclerosis and alpha-adrenergic vasoconstriction is unrestrained, myocardial perfusion can be reduced and ischemia may be noted (23) . However, as suggested by this report, under physiological conditions alphaadrenergic vasoconstriction may allow a more efficient distribution of blood flow throughout the myocardium during higher levels of physiological stress (14) . In the current study, phentolamine attenuated the LBNP-induced reduction in CBV without altering LV systolic and diastolic function relative to control conditions. This suggests an important role of alphaadrenergic tone in regulating coronary blood flow during stress in human subjects. 
